Introduction
The clonal diversity of human plasma cell neoplasias at early preclinical stages of tumor development is largely undefined. Multiple myeloma, for example, is usually diagnosed as a monoclonal disease; yet, in the great majority of cases it remains unknown whether additional, subordinate clones of malignant plasma cells accompany the disease-causing clone at the time of diagnosis. Furthermore, in most cases it is not possible to decide whether the multiple myeloma originated as a monoclonal proliferation of a single aberrant precursor clone that developed in the absence of competing clones, orin case multiple precursors did compete during myelomagenesis -when the myeloma clone emerged as the dominant cancer clone. Mouse models of plasma cell malignancies offer experimental systems in which problems of the sort mentioned above can be addressed in ways impossible to pursue in humans. Based on this premise, we decided to study clonal diversity during plasmacytomagenesis in the mouse, using peritoneal plasmacytomas that can be induced in genetically susceptible BALB/c mice as the experimental system. One Correspondence: S Janz; Fax: 301 402 1031 Received 10 June 1999; accepted 20 October 1999 advantage of this mouse model is the possibility to co-detect multiple aberrant clones during tumor development and to unambiguously identify tumor cells (plasmacytomas) and precursor B cells by virtue of the T(12;15) chromosome translocation. The T(12;15) is the hallmark mutation of BALB/c plasmacytomas, which results in the constitutive expression of the proto-oncogene c-myc. 1 In previous work we showed that the T(12;15) translocation comprises a very early and, most likely, initiating oncogenic event in the development of inflammation-induced peritoneal plasmacytomas. 2 Furthermore, the analysis of peritoneal inflammatory granulomas, the tissue site where plasmacytomas develop, 3, 4 revealed that numerous T(12;15) + clones were commonly present during tumor latency long before frank malignant growth was observed. [5] [6] [7] These results suggested that translocated cells residing in inflammatory granulomata constitute a remarkably large and diverse pool of tumor precursor cells from which plasmacytomas could evolve. However, our observations on the co-existence of multiple T(12 ;15) + clones in the initial stages of oncogenesis did not address the question of whether a similarly large number of translocated clones was present in the late stages of plasmacytomagenesis. Here we attempt to answer this question by focusing on the end-point of oncogenesis in mice that completed tumor development and harbored incipient plasmacytomas. We demonstrate that multiple clones of translocated cells are frequently present in BALB/c mice that bear early, intermediate, or even advanced plasmacytomas. We further show that mouse plasmacytomagenesis seems to be characterized by the vigorous generation of subclones derived from common T (12;15) + progenitors. The generation of subclones takes several forms, but one peculiar form of clonal diversification, detected in as many as five out of 17 (29.5%) plasmacytomas, appeared to be particularly noteworthy: the 'deletional remodeling' of translocation breakpoint regions by aberrant isotype switching.
Supported by these new data, we propose to consider mouse plasmacytoma development as a model of malignant B cell transformation that is characterized by (1) the effective repletion of the tumor precursor pool with translocated cells; (2) the apparent ability to sustain numerous T (12;15) + clones over extended periods of time; and (3) the continuous generation of subclones of translocated plasma cells.
Materials and methods

Induction and diagnosis of plasmacytomas
Plasmacytomas were induced in plasmacytoma-susceptible, inbred BALB/cAnPt or plasmacytoma-hypersusceptible, congenic BALB/cAnPt.DBA/2N-Idh 1-Pep3 mice by three i.p. injections of 0.5 ml pristane (2,6,10,14-tetramethylpentadecane, Aldrich, Milwaukee, WI, USA) given 60 days apart, as previously described. 8 One tumor, SIPC 5974, was induced by the i.p. administration of small fragments of a silicone gel. 4 All mice were bred and maintained at our conventional mouse facility (PerImmune, Rockville, MD, USA) under NCI contract N01-BC-21075. Plasmacytomas were diagnosed by finding 10 or more hyperchromatic, atypical plasma cells in cytofuge specimens of ascitic cells that were obtained by abdominal paracentesis and stained with Wright-Giemsa. Tumor-bearing mice were killed and mesenteries with adjacent tumor nodules and inflammatory granulomata were obtained. Tissue samples were either processed for histologic analysis or snap-frozen in liquid nitrogen for DNA preparation.
Histology and immunostaining
For histology, the granulomatous tissue and the tumor nodules were fixed in a mixture of 70% ethanol/formalin/glacial acetic acid (20/2/1, v/v/v), transferred to 70% ethanol and embedded in paraffin. Four-m-thick sections were stained with hematoxylin and eosin (American Histo Labs, Gaithersburg, MD, USA) to evaluate the distribution of clusters of atypical plasma cells and confirm the diagnosis of plasmacytoma. Additional sections were stained with Giemsa (according to Lennert), PAS (suitable for staining glycoproteins like Ig), and methyl green and pyronine (suitable stain for plasma cells) in order to distinguish normal from atypical plasma cells in granulomas. To visualize reticular fibers in granulomata, silver staining according to Gomori was used. For the immunohistochemical determination of Ig production by plasma cells, tissue sections were stained with a combined avidin-biotin immunoperoxidase technique. Antisera to light-chains and heavy-chain classes that are most relevant for BALB/c plasmacytomas (ie , ␥ and ␣) were used as the primary reagents for immunostaining (Southern Biotechnology Associates, Birmingham, AL, USA). The discrimination between IgA-and IgG-producing plasma cells was a major focus of this study. Therefore, no attempt was made in the majority of mice to distinguish the four ␥-isotypes, ␥1, ␥2a, ␥2b, and ␥3, and a pooled antiserum for the simultaneous detection of all four of them was used. However, in two cases (4122 and 4128), which were characterized by a very pronounced tissue infiltration with IgG + cells, the ␥-isotypes were distinguished by staining with specific antisera. Sections were counterstained with hematoxylin and lithium chloride and evaluated with an Olympus light microscope (Olympus Optical, Tokyo, Japan).
PCR primers and amplification
Most PCR primers used in this study were designed with the help of the Oligo 4.1 software (National Biosciences, Plymouth, MN, USA). Primer sequences for the detection of recombinations involving the DFL16 and VH7183 gene segments were obtained from the literature. 9, 10 Primers with the suffix 'a' were used in one-round PCR amplifications and primers with the suffix 'b' were used as nested primers in the second round of two-round PCR reactions (Table 1) . For the preparation of high molecular weight DNA, peritoneal granulomata were processed with a standard phenol/chloroform extraction protocol that included digestion with proteinase K (100 g/ml, Boehringer-Mannheim, Indianapolis, IN, USA) and RNAse A (40 g/ml, Sigma, St Louis, MO, USA). Longtemplate and high-fidelity PCR methods were employed with the aid of Boehringer kits to detect (1) junctional fragments between Igh and c-myc (ie the molecular indications of T(12;15) translocations); (2) D H J H and V H D H J H rearrangements; and (3) hybrid isotype switch junctions. PCR amplification was performed on 500 ng aliquots of genomic DNA. Hot-start one-round or two-round nested amplifications were carried out with the following cycling conditions: initial denaturation at 96°C for 5 min with the reaction subsequently being held at 80°C for the addition of polymerase mix (1.75 units per 50 l reaction). This was followed by 25 cycles of template denaturation at 95°C for 15 s, primer annealing at 62°C for 15 s, and primer extension at 68°C for 4 to 7 min in the first cycle with a progressive prolongation of the extension time by 20 s for each of the subsequent cycles. Final extension times amounted to 11.5 to 14.5 min. For the second round of PCR, 1 to 5 l of reaction mixture from round one were used with nested primer pairs for an additional round of 25 cycles. The concentration of dNTPs (200 mM) and Mg 2+ (1.5 to 1.75 mM final) were the same in both rounds.
DNA sequence analysis of clonal PCR fragments
PCR fragments were gel purified with the assistance of the QIAquick gel extraction kit (Qiagen, Valencia, CA, USA) and sequenced directly using the Femtomole cycle sequencing kit (Promega, Madison, WI, USA). An intermediate cloning step of the PCR fragment was thus avoided. This was particularly important for fragments that contained highly repetitive Ig switch regions, which are notorious for undergoing deletions upon cloning, even when recombination-deficient E. coli host cells are employed. Great care was taken to exclude artifactual PCR results. First, all PCR reactions were performed with appropriate positive controls (genomic DNA obtained from plasmacytoma cell lines that contained known Igh/c-myc junctions) and negative controls (liver and kidney DNA that was devoid of Igh/c-myc junctions). Second, all recombinational fragments from peritoneal granulomata were PCR amplified in quadruplicate and sequenced at least twice to confirm their authenticity. Junctional fragments that could not be reproduced using the same DNA sample were considered artifacts and excluded from further analysis. It is likely that such fragments were derived from individual T (12;15) + cells or microclones of translocated cells that were too small to permit the reproducible detection of clonal Igh/c-myc junction fragments. Third, subfragments were generated from those PCR fragments that were too large (4-10 kbp) to be sequenced easily. The subfragments were produced by 'primer walking', ie repeat PCR amplification of the same tissue sample with a series of staggered PCR primer pairs that annealed progressively closer to the putative Igh/c-myc breaksite, thereby converging on the breaksite from both the 5Ј end and the 3Ј end of the chimeric sequence. This approach was empirical, but resulted usually in a reasonably small subfragment (in most cases less than 3 kbp) that could be conveniently sequenced. Thus, most of the junction sites reported here have been redetected multiple times, which added validity and confidence to the results.
Results
Incidence and diagnosis of plasmacytomas
A total of 17 mice bearing primary peritoneal plasmacytomas were included in this study ( of plasma cell tumors was established cytologically and, after the mice were killed, confirmed by histological analysis of stained tissue sections of granulomatous tissue that was obtained from the peritoneal cavity of BALB/c mice previously treated with pristane or silicone gel fragments. The tumor diagnosis was in most cases straightforward and based primarily on the distinct cytological features of the large hyperchromatic plasmacytoma cells that were further characterized by the typical centripetal infiltration pattern observed when the tumor spread from one granuloma to the next. In four randomly selected mice, numbered 3609, 3610, 5974, and 7603, the reliability of the diagnosis of plasmacytoma was tested by the transfer of tumor cell-containing ascites (obtained from the original tumor-bearing animal) into pristane-primed syngeneic recipients. As expected, all four tumors were readily propagated in vivo ( Table 2 , footnote 'n'). This result indicated that the transferred cells were indeed fully transformed and not confused with premalignant precursor cells of similar morphological appearance.
Staging of plasmacytomas
To estimate the degree of plasmacytoma progression, the amount of tumor cell infiltration in the granulomatous tissue was evaluated histologically. It was found to vary greatly among the 17 mice, ranging from small localized clusters of plasmacytoma cells (defining the 'early stage'), to disseminated tumor infiltrates ('intermediate stage'), to terminal plasma cell tumors that had virtually replaced the entire intraperitoneal granulomatous tissue with a continuous tumor mass ('advanced stage'). Four mice had early stage tumors, six had intermediate stage disease and seven had advanced plasmacytomas ( Table 2 , column 2). Unlike plasmacytoma progression, Leukemia the morphology of the tumors showed very limited variation; all plasmacytomas displayed the typical mature plasmacytic phenotype. Occasionally, signs of subtle intra-tumor heterogeneity were revealed upon close inspection of the entire tumor sample. This usually took the form of tumor nodules containing immature plasmablastic cells. In all mice, neoplastic plasma cell disease was accompanied by infiltrates of normal plasma cells, which were seen either as individual cells scattered throughout the granulomata, as clusters, or as foci of plasma cells that included respectively (according to the convention used in our laboratory) less than 10, 10 to 50, or more than 50 cells. Normal plasma cells could be distinguished readily from their neoplastic counterparts with the help of the following parameters: cell size, nuclear morphology, cytoplasmic staining intensity, tissue distribution pattern, and absence of neighboring tissue mast cells (which were seen frequently in the vicinity of neoplastic but not reactive plasma cells).
Detection of T(12;15) translocations by PCR
PCR-amplified chimeric Igh/c-myc junctions, the clonotypic molecular indicators of T(12;15) translocation, 2,5-7,11,12 were used to distinguish among different plasmacytoma clones and their putative precursors. PCR was performed as high-fidelity or long-template amplification with one primer pair for singleround reactions and two nested primer pairs for two-round reactions. Two to 10 kbp long T(12;15)-typical junction fragments were commonly generated. The clonal junction fragments were not only informative concerning the fine structure of the translocation (clonotypic Igh/c-myc breaksite), they were also useful for further characterizing individual B cell clones on the basis of unitary or composite Igh switch regions a Mice in which plasmacytomas were induced by i.p. injections of pristane as described in Materials and methods; except mouse 5974, in which plasmacytoma SIPC 5974 was elicited by i.p. implantation of small fragments of a silicone gel. The latency period of the plasmacytomas ranged from 190 to 250 days after initiation of tumor induction. b The tumor stage was determined according to the degree of tumor infiltration observed by large-field microscopy (magnification, 2×) of stained tissue sections of the mesentery with adjacent inflammatory granulomas, the tissue site of plasmacytoma progression. Early, intermediate, and advanced plasmacytomas were found to occupy about 10%, more than 10% but less than 50%, and more than 50% of granulomata, respectively. c The class of cytoplasmic Ig produced by the most prevalent plasmacytoma cell clone was determined by microscopic evaluation of serial tissue sections that were labeled with an immunoperoxidase technique as described in Materials and methods. d Additional Ig-producing clones were detected by immunohistochemistry. Less prevalent aggregates, clusters or foci of atypical IgG-or IgA-producing plasma cells were found in all mice in which the dominant clone produced IgA or IgG, respectively. e The PCR analysis of clonotypic DNA sequence junctions revealed the molecular structure of the T(12;15) translocation in both the dominant or 'major' plasmacytoma clone (column f) and the less prevalent or 'minor' clones of translocated cells (columns g, h and i). Using the fine structure of the T(12;15) as a clonal marker, three forms of diversity were uncovered among the 'minor' T(12;15) + clones: multiple clones or mosaics (column g), clonally related subclones (column h), and clonally related subclones generated by aberrant class switching or 'remodeling' (column i). f C H locus that was utilized by the most prevalent tumor clone for the c-myc rearrangement on Chr T(12;15). g Mosaics of two or more 'minor' clones of T (12;15) + plasma cells that were not related to each other with respect to the fine structure of the translocation. h 'Minor' subclones of T (12;15) + plasma cells that were derived from one another. Clonal relatedness was based on the fine structure of the Igh/c-myc exchange. i 'Translocation remodeling' defined a particular form of clonal progression during plasmacytomagenesis. It was characterized by Chr T(12;15)-typical junction fragments that were derived from one another by aberrant isotype switching (or illegitimate genetic recombination between switch regions). See Figures 1 and 2 for details. j The IgG + tumor contained rare IgA + cells (see Figure 4e -j). k Because of the abundance of IgG + plasmacytoma cells, and their apparent heterogeneity after staining with a pooled antiserum for all four ␥ isotypes, mice 4122 and 4128 were selected for the determination of the specific IgG isotype that was expressed by the predominant tumor clone: IgG2b and IgG1, respectively. In both cases, less prevalent plasmacytic clones that expressed other ␥ isotypes were codetected (results not shown). Figure 1 and fragments 15.1 and 15.2 in Figure 2 ). The PCR methods utilized here resulted in the detection of exchanges between c-myc and the following Igh loci: , ␥2a, ␥2b, and ␣. Exchanges with ␦ and ⑀ were not observed because dedicated PCR methods have not been developed (␦/c-myc exchanges are very rare in BALB/c plasmacytomas 13 and ⑀/c-myc exchanges have never been found). Exchanges with ␥1 and ␥3 were also not observed in spite of the availability of dedicated PCR methods. The reason for this , which is known to be critical for plasmacytomagenesis because it harbors the transcriptionally deregulated, protein-encoding portion of c-myc (exons 2 and 3), and Chr T(15;12), which is believed to be irrelevant for oncogenesis. The genetic exchange was found to be nearly precise at the DNA sequence level because it resulted in a loss of just 20 bp and 35 bp in c-myc and E, respectively. The annealing sites (denoted by arrowheads) and designations of PCR primers (see Table 1 for sequence information) used to detect the chimeric PCR fragments 15.1 and 12.1 a are shown. The PCR fragments, which are indicated by grey horizontal bars above and below the maps of Chrs T(15;12) and T(12;15) respectively, span several kb of the translocation breakpoint region and include four recombination breaksites, which are depicted by numbered stars: the translocation breakpoints (2 and 3), the DJ recombination on Chr T(15;12) (1), and the breaksite of an approximately 500 bp long internal deletion in S (4), which is also depicted by a triangle pointing down. (c) Schemata of four additional Chr T(12;15)-typical junction fragments, in which c-myc was found to be recombined with the most 3Ј locus of the Igh gene cluster, C␣. The four fragments, designated 12.1b-12.1e, are postulated to be secondary recombinants derived from the C/c-myc precursor fragment, 12.1a, by an aberrant class switch event that joined S and S␣ (see Results section for further details). remained unclear, but one possibility is persistent problems with PCR.
Specificity and sensitivity of PCR
To determine the specificity of the PCR for detecting T(12;15)-typical junction fragments, serial dilution and co-amplification experiments were performed, similar to previously described studies that utilized unique Igh primers, 5, 6 switch consensus primers, 7 or both unique Igh and switch consensus primers in conjunction with hybridization-enriched templates. 6 To optimize the PCR conditions for the various primer pair combinations listed in Table 1 , the following plasmacytomas were chosen as model templates for different types of T(12;15) translocations: TEPC 1194 (C/c-myc), TEPC 1033 (C␥2a/cmyc), MOPC 21 (C␥2b/c-myc), and XRPC 24 (C␣/c-myc). 14 After optimization of PCR, only two, namely the tumor-specific Igh/c-myc junctions of both products of translocation were detected. That is, variant or 'ghost' bands did not occur, which documented the specificity of the PCR. To determine the sensitivity of PCR, tumor DNAs were serially diluted (individually or combinatorially) into liver or kidney DNA. When one-round PCR amplifications of aliquots of 500 ng (corresponding to ෂ2 × 10 5 cells) of these DNA mixtures were performed in quadruplicate, it was found that approximately 2.5 ng of tumor DNA (corresponding to ෂ1000 cells) had to be present to reliably generate the expected PCR products in all four reactions. The sensitivity of two-round PCR with nested primer pairs was naturally higher and approached approximately 20 tumor cells among a total of 2 × 10 5 cells. That is, 20 tumor cells were detected in all four reactions when the experiments were performed in quadruplicate. The reproducibility of the PCR deteriorated rapidly at even lower copy numbers of Igh/c-myc rearrangements (Ͻ20 tumor cell genomes) and resulted in the failure to reliably detect the expected PCR product in quadruplicates. Another limitation to the sensitivity of PCR, template competition, was noted in co-amplification experiments that utilized the same primer pair to co-detect two or three templates present at identical (low) copy numbers. The co-amplifications resulted frequently in the detection of only one or two PCR products (instead of the expected two or three products), even though all templates could be readily amplified under the same PCR conditions when tested individually. This experience led to the realization that T(12;15)
+ clones had to be at least moderately expanded (ෂ50-100 tumor cells per 500 ng DNA tissue sample) in order to be reproducibly detectable.
Minor and major clones harboring translocations
T(12;15)-typical fragments that were reproducibly detected after a single round of PCR were postulated to indicate the presence of prevalent or 'major' clones of malignant plasma cells. All mice included in this study were found to contain such clones (see Table 2 , column 5 and fragment 15.1 in Figure 1 and fragments 15.2 and 12 .1b in Figure 2 ). T(12;15)-typical fragments that required two-round, nested PCR for detection were postulated to indicate the presence of subordinate or 'minor' clones of malignant plasma cells. The majority of clones described here were clones of that sort. While the distinction between minor and major clones of translocated cells was unquestionably useful for consideration of clonal diversity and clonal expansion, it was also burdened with uncertainties. First, the neoplastic nature of minor clones was not established. While it was reasonable to assume that the high-abundancy Igh/c-myc fragment was the PCR correlate of the histomorphologically prevalent plasmacytoma, it was less clear whether the low-abundancy Igh/c-myc fragments present in the same tissue were predictive of minor plasmacytoma clones or non-malignant clones of plasma/progenitor B cells harboring translocations. Second, the efficacy of the PCR was variable; ie not all Igh/c-myc junctions present at similar copy numbers were detected with equal reliability. The variability appeared to be caused, in addition to the reasons discussed in the previous paragraph, by the sequence context of the amplicon (eg the nature and length of switch regions) and its length. Third, the co-existence of up to eight (see mouse 4132 explained below) distinct recombinational fragments in the same tissue posed another problem, because it was difficult to uncover several junction fragments in the same DNA sample without relaxing the conditions for excluding PCR artifacts. The above-mentioned uncertainties led to the understanding that the distinction between major and minor T(12;15)
+ clones was limited. Nevertheless, it still appeared meaningful for the purpose of this study, particularly as long as a truly quantitative methods for the accurate enumeration of translocated clones in complex tissues have not been developed.
T(12;15) as a marker of clonal diversity
The results of the evaluation of the T(12;15) translocation in 17 mice bearing primary plasmacytomas are summarized in Table 2 , columns 5-8. The determination of the C H locus that was utilized in the prevalent tumor clone detected by oneround PCR (the 'major' clone) revealed that C␣ was most frequently used in recombinations with c-myc on Chr T(12;15), namely in 13 out of 17 (76.5%) tumors (column 5). C was utilized in four cases (23.5%). Thus, in the sample of primary plasmacytomas studied here, C␣ and C appeared to be the loci of choice for c-myc rearrangements on the c-myc-deregulating product of translocation. The screening for apparently less prevalent or 'minor' clones of translocated cells detected by two-round PCR uncovered the presence of multiple T (12;15) + clones (column 6) and subclones derived from common translocated progenitors (columns 7 and 8). They were found in nine and five mice, respectively. If one considered columns 6-8 together, it was evident that 12 out of 17 (70.6%) plasmacytomas were characterized by clonal diversity. The reason why 'minor' clones were apparently absent in the remaining five mice was not known, but clearly not related to the progression stage of the plasmacytoma (early tumor in mouse 4123; intermediate tumors in mice 4121, 4122 and 4124; advanced tumor in mouse 7609). Possible explanations for the lack of minor clone detection in these mice include the presence of plasmacytomas that contained unusual rearrangements and the limits of the PCR, as alluded to in the preceding paragraph. However, neither of these possibilities has been demonstrated.
Clonal mosaics and intraclonal heterogeneity
Two principal manifestations of clonal diversity were found among malignant plasma cells when the molecular structure of the T(12;15) translocation was used as the clonotypic marker: intraclonal heterogeneity and clonal mosaics. Intra- clonal heterogeneity was defined by the presence of translocated subclones derived from common T(12;15) + progenitors. It was effected by either aberrant isotype switching in the vicinity of the c-myc rearrangement ('translocation remodeling') or deletions in translocation breakpoint regions. The clonal multiformity that is indicative of intraclonal diversification is illustrated in Figure 1 , using mouse 5974 as an example. Mosaics were defined by the occurrence of multiple translocated clones, which were thought to be independent, ie unrelated to each other with respect to the fine structure of the T(12;15). The clonal multiformity that is indicative of mosaicism is illustrated in Figure 2 , using mouse 4132 as an example. Figures 1 and 2 should be inspected in conjunction with Table 1 (for details on PCR primers), Table 2 , columns 5-8 (for an overview on clonal diversification), and Table 3 (for DNA sequence analysis of recombination junctions). 1a by an aberrant class switch event that joined S and S␣ (indicated by the arrow labeled 'Abnormal isotype switching'). This can be postulated because the clonotypic junction site between E and c-myc was shared in fragments 12.1a and 12.1b. Fragment 12.1c is believed to define a subclone of 12.1b, from which it is distinguished by a small deletion in S␣ (indicated by a small gap and a triangle pointing up) that was found in the vicinity of the S/S␣ joint. The latter was common for fragments 12.1b and 12.1c. Fragment 12.1d is thought to define another subclone of 12.1b; in this case derived by a deletion (depicted by two dashed lines) of the E/c-myc breakpoint region (marked by breaksite 3) and the internal rearrangement in S (marked by breaksite 4 and the grey triangle pointing down). Fragment 12.1e must denote a descendant from fragment 12.1d, which originated by a small secondary deletion in S (indicated by the triangle pointing up). The precursor-and-product relationship between 12.1d and 12.1e was certain because the junction site between S and intron 1 of c-myc (marked by breaksite 5) was shared in Figure 1 (mouse 5974) and Figure 2 (mouse 4132).
both fragments. The findings in mouse 5974 were consistent with the view that BALB/c plasmacytomagenesis is characterized by the clonal diversification of T(12;15) + cells that give rise to progenitor clones by deletions in translocation breakpoint regions (either removing the original breaksite in c-myc or shortening the switch regions in its vicinity) or isotype switch like recombinations (joining S and S␣ in close proximity to c-myc rearrangement). Figure 2 illustrates the most prominent example of a clonal mosaic that was observed in this study. Mouse 4132 is believed to contain five to seven independent T(12;15) + clones. The exact number of clones remained indeterminate for the reasons stated below. Fragments 12.1a and 12.1b were found to be related in a precursor-and-product relationship, which was mediated by an abnormal class switch recombination that involved three switch regions, S, S␥2b and S␣ (see arrow pointing down labeled 'Abnormal isotype switching'). None of the six remaining fragments seemed to be related to each other at the fine structural level. They were therefore interpreted to indicate the presence of unique translocated clones. The Chr T(12;15)-typical junction fragment 12.2 could not have been related to clones 12.1a/b because of a different breakpoint in c-myc (cf lines 17 and 20 in Table  3 ). The five Chr T(15;12)-typical junction fragments must also represent distinct clones for the following reasons: first, fragment 15.2, which could have been derived from fragment 15.1 by the hypothetical internal deletion that is indicated by two dashed lines, was shown to contain a VDJ rearrangement that was distinct from the VDJ recombination observed in fragment 15.1 (cf lines 6-7 and 9-10 in Table 3 ). This observation effectively excluded a common clonal origin. Second, fragments 15.3 and 15.4 utilized different S␥ regions for recombinations with c-myc, the inverted S␥2b and S␥1 regions, respectively. Third, fragment 15.5 originated by a rare c-myc recombination with the native C␣ locus prior to class switching. This interpretation is based on the presence of the small I␣ exon and the 5Ј-I␣ region, which would have been deleted if isotype switching to C␣ had occurred prior to recombination with c-myc. The considerations offered above argue in favor of seven independent clones co-present in mouse 4132. However, this number could be lower if some of the Chr T(12;15)-and Chr T(15;12)-typical fragments were in fact paired (reciprocal) products of the same translocation event and reside, therefore, in the same clone. Thus, it may be possible that fragments 12.1a and 12.1b correspond to fragments 15.1 or 15.2. Furthermore, fragment 12.2 may be the counterpart to fragment 15.3, since both contained S␥2b sequences. Because of these uncertainties, the true number of independent clones co-present in mouse 4132 can not be decided; yet, the minimum appears to be five and the maximum, seven.
Ig expression as a marker of clonal diversity
Immunoglobulin production was exploited as an additional marker to assess the clonal diversity of BALB/c plasma cell tumors. Various clones of neoplastic plasma cells residing in the same granulomatous tissue were distinguished on the basis of isotype productions, using immunostaining with monospecific antisera to immunoglobulin heavy or light chains as the tool. Malignant plasma cells were differentiated from their normal counterparts with the assistance of the morphological criteria described in the second paragraph of the Results section. Immunolabeling was found to be particularly valuable for discriminating the prevalent tumor clone against the accompanying subordinate clones of neoplastic plasma cells. The isotype production of the prevalent tumor clone is listed in Table 2 , column 3. It shows that the majority of plasmacytomas produced IgA (11/ Table  2 , column 4). These findings led to the conclusion that the majority of primary plasmacytomas are composed of mosaics of IgA-and IgG-producing clones (see Figure 3 for two typical mosaics). Immunostaining for Ig secretion was not helpful, however, for associating isotype production with the molecular data on the T(12;15) translocation. Thus, while it is tempting to speculate that the immunodominant plasmacytomas (eg the IgA + tumors in mice 4132 and 5974) may have contained the most prevalent PCR junction fragments (ie the fragments detected after a single round of PCR; 12.1b in mouse 4132 and 12.1b/c in mouse 5974), it has to be stated that this association has not been established here.
Loss of Ig production and isotype switch variants
The superimposition of serial tissue sections immunostained for IgA, IgG, and IgM indicated that primary BALB/c plasmacytomas may be further diversified by generating rare Ig expression variants. The presence of Ig − tumor cells in a discrete and clearly demarcated portion of an IgA-secreting plasmacytoma, observed in mouse 4123 (Figure 4a-d Figure  4e-j) , suggested that the IgA + cells represented isotype switch variants that were derived by untimely class switch recombination from the IgG + plasmacytoma. However, since the clonal relatedness to the parental clone was neither established for the putative Ig − subclone nor the putative isotype switch variants, additional studies will have to be performed to verify the hypothetical relationship. A number of methods and clonotypic markers, including V L J L/ V H D H J H rearrangements or T(12;15) translocations, could be exploited for this purpose. Allele-specific RT-PCR methods, in which reverse PCR primers specific for different isotypes are paired with tumor specific V H primers, have been used successfully in multiple myeloma research to demonstrate, by virtue of a shared clonotypic V H D H J H rearrangement, that myeloma clones can give rise to isotype switch variants. Allele-specific RT-PCR may also offer itself as the method of choice for BALB/c plasmacytomas; indeed, its combination with a precise microsampling tool (eg laser capture microdissection) Leukemia may be effective for analyzing putative in situ Ig expression variants like the ones described above.
Discussion
Igh/c-myc junction fragments amplified by PCR are not only accurate indicators of reciprocal T(12;15) chromosomal translocations, 2 they also offer arguably the most useful molecular parameter currently available for evaluating clonal diversity in the course of BALB/c plasmacytomagenesis. The reasons for this usefulness include, first, the reality that the T(12;15) translocation is the predominant type of c-myc-activating rearrangements in mouse plasma cell tumors, occurring with an incidence of approximately 80%.
14 Second, the translocation is thought to be specific for the B cell lineage. The presumed lineage specificity is important because it allows the unambiguous association between the translocation events detected in complex tissues and a particular cell type, namely B cells and their plasma cell progenitors. Third, the fine structure of the T(12;15) translocation is believed to be unique and clonotypic because no Igh/c-myc junction has thus far been found to be shared between two plasmacytomas. This distinctiveness can be utilized effectively as a molecular fingerprint for monitoring the tissue distribution and migration of translocated clones. 7 Finally, recombinational fragments between Igh and c-myc can be detected by PCR with remarkable sensitivity. 2, [5] [6] [7] 11, 12 This makes possible the in vivo detection of small translocated clones that in all likelihood would have been missed by alternative detection methods, such as Southern blotting, FISH, or conventional cytogenetics. An additional benefit of PCR beyond the detection of translocation events per se is the possibility to specify the Igh locus utilized for a particular c-myc rearrangement. The differentiation between C and more distal C H loci has proved to be particularly instructive because it may provide a clue for identifying the still elusive plasmacytoma precursor cell.
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Using the fine structure of the T(12;15) translocation as the molecular marker to define clonality, two distinct forms of clonal diversity were uncovered among plasmacytoma cells and their precursors: multiple translocated clones that were unrelated to each other (mosaics) and subclones that were generated from common translocated progenitors (intraclonal diversification). First, in nine out of 17 (53%) mice bearing primary plasmacytomas, multiple independent T(12;15) + clones were detected. The clones were scored as independent when the DNA sequence analysis of the breakpoint regions of both products of translocation failed to reveal an apparent precursor-and-product relationship. A possible limitation of this definition is caused by the chance that some putatively independent clones (as defined by their unique Igh/c-myc junction sequences) might nevertheless have been derived from each other, but their relatedness could not be established with the relatively small translocation breakpoint region as the exclusive marker. This situation may have resulted in an overestimation of the frequency of independent clones reported here. On the other hand, the PCR methods used in this study were restricted to detecting those Chr T(12;15)-typical rearrangements of c-myc that are common for established plasmacytomas: ie with C, C␣, C␥2a, and C␥2b.
14 This restriction may have resulted in the underestimation of the true number of independent clones, since all presumptive clones that used C␦, C␥1, C␥3 or C⑀ in their recombinations with c-myc were left undetected. C␥1/c-myc and C␥3/c-myc rearrangements may have been missed because of PCR prob- lems (see Results section, third paragraph). C␦/c-myc and C⑀/c-myc rearrangements are very rare in BALB/c plasmacytomas; nevertheless, their presence in the sample studied here can not be excluded. Thus, while the true fraction of BALB/c mice that harbored multiple clones and the true incidence of these clones in individual mice cannot be defined accurately at present, the available results suggest that these numbers must be substantial.
In five out of 17 (29.5%) mice, subclones thought to be derived from common T (12;15) + progenitors were found. Deletional mutagenesis in translocation breakpoint regions was identified as the main mechanism by which such subclones were generated. Curiously, the deletions seemed to be confined to Chr T(12;15), the functionally important product of translocation that harbored the deregulated c-myc gene. It is currently unclear whether the apparent restriction to one product of translocation reflects the reality of the phenomenon or is an artifact of preferentially detecting deletions on one allele. We favor the first explanation and postulate that translocation breakpoint regions may be less stable on Chr T(12;15) than on Chr T(15;12), the reciprocal and presumably inconsequential product of translocation. The reason for the putative allele-specific instability is not known, but it is possible that it is related to the known instability of the Igh locus in plasmacytoma cells. [15] [16] [17] [18] Another attempt to explain the instability considers a role for the 3Ј-C␣ enhancers, which are Since the 3Ј-C␣ enhancers have been invoked before as possible control elements for isotype switching, 19 illegitimate recombinations in the C H gene cluster [20] [21] [22] and, indeed, for the general activation of the chromatin domain containing the Igh locus, 23 it seems plausible that the enhancer may also facilitate the deletional mutagenesis in Chr T(12;15)-typical Igh/c-myc junctions. This mutagenesis, which appeared to take three distinct forms, will be discussed in the following three paragraphs.
The first type of deletion seemed to 'chip away' at the unitary or composite switch regions that were frequently present in the vicinity of the Igh/c-myc breaksites; however, it left the breakpoints themselves unchanged (see fragments 12.1c and 12.1e in Figure 1c ). This kind of deletion showed a striking similarity to deletions in unitary S and hybrid S/S␥ regions that have been described to occur in normal B cells prior to primary and sequential switch recombinations, respectively. 24 Switch region deletions of this sort are believed to lock normal B cells into producing a particular Ig heavy chain, thereby accomplishing a state of 'isotype stabilization'. 24 The B cell
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Figure 4
Intraclonal heterogeneity in primary plasmacytomas, as suggested by the apparent loss of Ig production (panels a to d) and the occurrence of putative isotype switch variants (panels e to j). See last paragraph of the Results section why the presence of intraclonal heterogeneity was suggested by the findings illustrated here, but not proven. Panels a to d illustrate the admixture of IgA-secreting tumor cells with deviants that may have lost the ability to produce Ig. All tissue sections were immunostained for IgA. (a) The overview of the granulomatous tissue (OG) that developed in the mesentery (Mes) adjacent to the small gut in mouse 4123 is presented. A medium-sized plasmacytoma nodule (PCT) which borders on the lamina propria of the gut (LP) and contains a cluster of strongly IgA + neoplastic plasma cells is indicated by a rectangle (2 ×). Smaller aggregates of IgA + tumor cells that are scattered in the granulomata (arrows), as well as numerous normal IgA-producing plasma cells that reside in the lamina propria of the villi (arrowhead), are co-present. Panels b, c and d display progressive enlargements (10 ×, 20 × and 40 ×, respectively) of the plasmacytoma nodule that has been marked by the rectangle in panel a. The intimate association of IgA + and IgA − tumor cells can be seen. The IgA − cells were also found to be negative for IgG and IgM (results not shown). IgD and IgE production were not determined, since the production of these isotypes by BALB/c plasmacytomas is extremely unusual. Panels e to j demonstrate the occurrence of putative isotype switch variants. The overview of a pristane-induced, inflammatory granuloma that has been completely replaced by an IgG-secreting plasmacytoma that developed in mouse 4121 is shown in panels e (IgG), f (IgA) and g (IgM) at the same magnification (10 ×). with the stabilized isotype is, according to this concept, unable to undergo primary switch recombination (if S is deleted) or secondary/sequential switch recombination (if a combined switch region, such as S/S␥, is deleted) because the donor substrate for switching has been significantly reduced or completely lost. Our data suggest that isotype stabilization may have an analog in transformed plasma cells, in which translocation breakpoint regions may be rendered more stable after the unitary or composite switch regions residing on Chr T(12;15) have been reduced in size or eliminated. The functional importance of this phenomenon, which could be coined 'translocation stabilization', is presently unknown. However, it is conceivable that translocated B cells with a 'stabilized' c-myc rearrangement may have a selective advantage because they are less likely to undergo potentially deleterious secondary rearrangements of the recombinogenic (!) switch regions in the vicinity of the Igh/c-myc junction. Such secondary rearrangements, which may be manifested as deletions, inversions or three-way recombinations, may reach into the protein-encoding portion of c-myc or otherwise interfere with the constitutive transcription of the c-myc gene, the key requirement for the immortalization/proliferation of the translocated clone.
The second form of deletion that was observed on Chr T(12;15) appeared to target the Igh/c-myc breaksite with its adjoining flanks. This type of deletion can create a dilemma for the student of the clonal evolution of translocated cells, because it obstructs the association of newly generated subclones with their precursors by virtue of removing the original Igh/c-myc junction and producing a secondary, shortened Igh/c-myc junction. This situation is exemplified by the fragment 12.1d/e in Figure 1 . In general, deleted subclones of this type can only be related to their putative precursors when, fortuitously, unique mutations (eg base substitution mutations) or distinctive rearrangements (eg hybrid switch junctions) are preserved in the breakpoint flanks adjacent to the deleted stretch of DNA. Such mutations and rearrangements have been documented in previous work. 5 The third type of deletion removed the heavy-chain gene cluster almost entirely, effecting a loss of approximately 180 kb of DNA. The magnitude of the loss clearly distinguished this deletion from the two above-described deletions, which were much more limited in scope by removing no more than approximately 3 kb of genomic sequences. The 180-kb macrodeletions were observed in clones in which an initial exchange of c-myc with C was converted into a secondary exchange of c-myc with C␣. In this situation, all C H loci residing between C, the most upstream CH locus, and C␣, the most distal C H locus, were eliminated from the Chr 12-derived flank of the translocation breakpoint region. Macrodeletions, which left the original break in c-myc as unchanged as the above-discussed microdeletions in switch regions, were observed in a significant fraction of the plasmacytoma sample, in five out of 17 tumors (29%, see the 12.1b fragments in Figures 1 and 2 as examples) .
The molecular mechanisms for the above-noted deletions are not currently known. The macrodeletions, which were originally described as 'deletional remodeling of T(12;15) translocation breakpoint regions', 11 have been ascribed to aberrant isotype switching, but in reality it remains unclear whether the deletions were indeed performed by the putative switch recombinase (just like in normal class switching) or simply by general DNA double-strand break repair. The latter could effect illegitimate recombination between switch regions by non-homologous end joining or similar mechanisms, and produce thereby a chimeric switch region that could not be distinguished at the fine structural level from one generated by isotype switching. 25 It is also conceivable that the two forms of microdeletions: ie removal of switch regions and elimination of original breaksites in c-myc, were caused by double-strand break repair. Alternatively, their origin may be related to the peculiar deficiency of BALB/c mice to perform transcription-coupled DNA repair. Since this deficiency appears to affect loci that are prominently involved in T(12;15) translocations (eg Igh and c-myc), 26, 27 it is tempting to speculate that BALB/c mice may possess a dysfunctional gene-specific repair complex that is somehow responsible for the predisposition to undergo deletions in translocation breakpoint regions. However, this has not been demonstrated.
The findings on the coexistence of IgA + and IgG + plasmacytoma clones in all tumor-bearing mice were not only consistent with the concept of ongoing clonal diversification in the course of plasmacytomagenesis, they also confirmed and extended results from previous studies in which Ig expression was used as the marker for clonal diversity. In one experiment, focal proliferations of atypical, premalignant plasma cells (plasmacytic foci) were studied immunohistochemically with isotype-specific sera in 62 BALB/c mice that had been treated with pristane. 28 Fifteen mice (24.2%) were observed to be biclonal, three (4.8%) triclonal and two (3.2%) tetraclonal with respect to Ig heavy chain expression. Significantly, in many cases there was a preponderance of one clonotype (numerous foci producing IgA), but only a single representative of a second clonotype (one focus expressing IgG). This situation was interpreted to reflect the emergence of a dominant tumor clone at a stage of oncogenesis at which one or more minor clones were still present. 28 In another experiment that included as many as 576 mice bearing primary plasmacytomas, the monoclonal immunoglobulins (paraproteins) in the ascitic fluid were determined by agarose-and immunoelectrophoresis. In spite of the relative insensitivity of these methods, 54 (9.4%) mice were found to contain two or more distinct paraproteins. 29 This result provided an indication that a substantial fraction of primary plasmacytomas must consist of several distinct paraprotein-producing clones. In a third early experiment, multiple pristane-induced granulomata containing putative tumor nodules were obtained from one original donor mouse and transferred individually into several syngeneic recipients. In three cases, distinct tumors producing different paraproteins were established from the same donor. In the most dramatic case, as many as five independent cell lines were derived from one mouse. 30 This result was particularly instructive because it went beyond simply indicating that BALB/c mice may harbor mosaics of T(12;15) translocated plasma cells. Instead, it strongly suggested that a significant number of plasmacytic clones, which are diagnosed by the histomorphologist as aberrant, have already completed malignant transformation, and are thus able to give rise to plasmacytomas upon transplantation.
The present study has demonstrated that primary BALB/c plasmacytomas are usually characterized by an ongoing clonal diversification that is manifested by the presence of multiple T(12 ;15) + tumor clones (mosaics) and the generation of subclones from common translocated progenitors (intraclonal heterogeneity). Plasmacytomas can therefore be added to the plethora of mouse models of human cancer (B cell lymphomas, 31 T cell lymphomas, 32 and other malignancies 33 ) that have been utililized successfully to study clonal diversity during oncogenesis. However, the possibility to associate clonal diversification processes with a pool of tumor/tumor progenitor cells, which is clearly defined by clonotypic T(12;15) translocations and monoclonal Ig production, may be a unique advantage of the BALB/c plasmacytoma system. This advantage should be exploited in future research to attain two important goals. First, the ability to undergo efficient clonal diversification may constitute a critical determinant of the genetic susceptibility to plasmacytomagenesis, a very unusual trait for most inbred strains of mice but a characteristic phenotype for BALB/c mice. 34 Studies on the genetic control of oligoclonality may thus lead to the identification of novel plasmacytoma susceptibility alleles that may have broad implications for plasma cell neoplasias in general, including human diseases. Second, the results on clonal diversification at the terminal stage of plasmacytoma development presented here -viewed in conjunction with previous findings on clonal diversity at early stages of plasmacytoma development [5] [6] [7] -raise the intriguing possibility that the deregulated c-myc gene may function as the driving force of clonal diversity: eg by inducing genomic instability in plasmacytoma precursors. A role for c-myc as a mutator gene in B-lineage and plasma cells has yet to be demonstrated, but studies in other cell lineages strongly support such a hypothesis. [35] [36] [37] [38] Frederic Mushinski for reading the manuscript and providing editorial assistance.
